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Abstract
The gas-phase structures of deprotonated, protonated, and sodium-cationized complexes of
diethyl phosphate (DEP) including [DEP − H]
−, [DEP + H]
+, [DEP + Na]
+, and [DEP − H + 2Na]
+
are examined via infrared multiple photon dissociation (IRMPD) action spectroscopy using
tunable IR radiation generated by a free electron laser, a Fourier transform ion cyclotron
resonance mass spectrometer (FT-ICR MS) with an electrospray ionization (ESI) source, and
theoretical electronic structure calculations. Measured IRMPD spectra are compared to linear IR
spectra calculated at the B3LYP/6-31G(d,p) level of theory to identify the structures accessed in
the experimental studies. For comparison, theoretical studies of neutral complexes are also
performed. These experiments and calculations suggest that specific geometric changes occur
upon the binding of protons and/or sodium cations, including changes correlating to nucleic acid
backbone geometry, specifically P–O bond lengths and ∠OPO bond angles. Information from
these observations may be used to gain insight into the structures of more complex systems,
such as nucleotides and solvated nucleic acids.
Key words: Diethyl phosphate, Free electron laser, Infrared multiple photon dissociation,
Protons, Sodium cations
Introduction
T
he transfer of information from generation to gener-
ation, a basic requirement for the survival and evolution
of a species, is possible only through the existence of nucleic
acids in the forms of deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) [1]. Regulation of the expression and
replication of DNA and RNA, the genetic material, is of
fundamental importance. One vital form of regulation relies on
the concentration of specific metal cations, in particular alkali
and alkaline earth metal cations, in the local solvating
environment surrounding nucleic acids under physiological
conditions [2]. Eichhorn et al. suggest that overstabilization of
the negatively charged phosphate backbone by certain metal
cations, and in particular magnesium, results in base mispair-
ing. Alkali metal cations, and in particular Na
+ and K
+,a r e
most appreciated for their roles in regulating the electric
potential ofcells [3].Inadditionto these functions,alkalimetal
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relatively weak, noncovalent interactions with the anionic
phosphate backbone [4]. Previous theory held that metal
cations interact with nucleic acids in a diffuse, fully hydrated
cloud,withnodirectinteractionoccurringbetweencounterions
and the nucleic acid [5]. Physical evidence contradicting this
theory has since become available from NMR spectroscopy
[6], X-ray crystallography [7, 8], and molecular dynamics
simulations [9, 10]. These studies clearly refute the previously
held counterion condensation theory, showing that metal
cations, especially biologically relevant cations including
Na
+,K
+,M g
2+,a n dC a
2+,p r e f e r e n t i a l l yb i n dt os p e c i f i c
regions along the phosphate backbone, usually deep within
the minor groove. As briefly mentioned, in physiological
systems, a hydration sphere accompanies metal cations in the
local environment surrounding nucleic acid strands, and its
structure has been well characterized [11]. Other hypotheses
deny any causal relationship between metal cation interaction
along the nucleic acid backbone and conformational changes,
suggesting that while cations may exist in these regions, their
presence is the effect of induced changes to nucleic acid
structure, not the cause [12]. Work reported by Denisov and
Halle provides indisputable evidence contrary to these claims,
using magnetic relaxation dispersion to demonstrate the
preferential binding of sodium cations to the minor groove of
AT-rich B-DNA strands [13]. In fact, a strong correlation has
been observed between nucleotide sequence and cation-
binding tendencies such that AT-rich DNA strands tend to
be associated with minor groove cation interactions, while
GC-rich strands exhibit major groove cation affinities
[14–20]. Whiletherehasbeensomecontroversyoverthe roles
of metal cations and water molecules, in particular with respect
totheirmechanismsofinteractionandcausalrelationshipswith
nucleic acid structure, it is generally believed that cations
interact directly with both the major and minor grooves of the
deprotonated phosphate backbone as counterions, modifying
the nucleic acid’s structure and reactivity.
In an effort to better understand the underlying mecha-
nisms of these processes, studies of the properties of smaller,
related model systems provide information that is helpful in
elucidating more general structural and mechanistic infor-
mation. Previous work from our laboratory using threshold
collision-induced dissociation (TCID) techniques was car-
ried out to investigate the thermodynamic properties of metal
cation–trimethyl phosphate and metal cation–triethyl phos-
phate complexes, M
+(TMP) and M
+(TEP), where M
+ =N a
+,
K
+,R b
+,C s
+,M g
+,A l
+,C u
+, and Zn
+ [21–23]. These
experimental studies were supported and enhanced by
theoretical work to allow the visualization of the geometry,
energetics, and reaction pathways of each complex of
interest. In addition, the binding affinities of each metal
cation to the TMP and TEP ligands were determined in an
effort to better understand the nature of metal cation binding
and its influence on nucleic acid backbone structure and
stability. In the TCID studies of the M
+(TMP) and M
+(TEP)
complexes, where M
+ is an alkali metal cation, only a single
dissociation channel was observed, corresponding to the loss
of the intact phosphate ester, TMP or TEP. In contrast, CID
of Mg
+-, Al
+-, Cu
+-, and Zn
+-cationized TEP leads to
multiple activated dissociation pathways involving cleavage
of the phosphate ester bonds, leading to loss of ethene
fragments in addition to loss of intact TEP.
Another alkylated phosphate ester, diethyl phosphate
(DEP), is a reasonable model of the secondary alkyl
phosphate ester linkage of nucleic acid backbones. Study
of the infrared multiple photon dissociation (IRMPD)
spectroscopy of deprotonated, protonated, and metal-cation-
ized DEP complexes, in conjunction with theoretical linear
IR spectra, optimized geometries, and the relative energies
of the stable geometries of these ions, is expected to provide
important insight into the physical properties of these
interactions. The present work is complemented by other
studies being pursued in our laboratories, where IRMPD
action spectroscopy of protonated and metal-cationized
nucleobases and deprotonated, protonated, and metal-cat-
ionized mononucleotide-5′-phosphates are being investi-
gated using methods similar to those employed here [24].
Experimental
General Procedures
A 4.7 T Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR MS) coupled to the free electron laser
for infrared experiments (FELIX) was used in these experi-
ments, which has previously been described in detail
elsewhere [25–28]. Diethyl phosphate was obtained from
Sigma–Aldrich. Solutions containing 1 mM DEP were
prepared in a 50:50 methanol:water mixture and were used
directly to generate deprotonated DEP ions, [DEP − H]
−.
Sodiated complexes, [DEP − H + 2Na]
+ and [DEP + Na]
+,
were generated by adding 1 mM sodium chloride to the DEP
solutions. The intensity of the [DEP + Na]
+ generated was
significantly enhanced by the acidification of these solutions
with 2 mM HCl. Protonated DEP ions, [DEP + H]
+, were
generated by adding 2 mM HCl to the DEP solutions. The
DEP solutions were introduced into the mass spectrometer
using a Micromass electrospray ionization (ESI) source. Ions
were collected for several seconds in a hexapole trap before
being transferred into the ICR cell via a quadrupole deflector
and an octopole ion guide. Precursor ions were selected
using stored waveform inverse Fourier transform (SWIFT)
methods prior to irradiation by FEL light. The selected
precursor ions were irradiated for 3−4 s over the range
extending from ∼17.0 to 5.7 μm( ∼590 to 1750 cm
−1). The
IRMPD fragmentation of [DEP − H]
− and [DEP + H]
+ was
efficient enough that irradiation for only 3 s at 3 dB
attenuation was necessary, while the sodiated complexes,
[DEP − H + 2Na]
+ and [DEP + Na]
+, required 4 s of
irradiation at full power to produce IRMPD spectra of
similar quality (S/N). The relatively low IRMPD intensity
observed for the [DEP + Na]
+ complex is likely the result of
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Theoretical Calculations
Representative model structures were obtained for each of
the experimental systems and for two additional neutral
systems using simulated annealing molecular mechanics
procedures and ab initio calculations. Potential low-energy
candidate structures were obtained via a 300 cycle annealing
process using HyperChem© [29] software. A three-phase
annealing process was used, with each cycle beginning and
ending at 0 K, lasting for 0.8 ps, and achieving a simulation
temperature of 1000 K. Heating and cooling times for each
cycle were 0.3 ps each, allowing 0.2 ps for the complex to
sample conformational space at the simulation temperature.
Relative energies were computed using molecular mechanics
methods every 0.001 ps, and the most stable conformers
accessed at the end of each annealing cycle were subjected
to additional analysis. For each complex, 7–25 of the most
stable conformers were further investigated using density
functional theory (DFT) methods. Geometry optimizations,
frequency analyses, and single point energy calculations
were performed using the Gaussian 03 suite of programs
[30]. Initial optimizations were performed at the B3LYP/6-
31G(d) level of theory. However, calculations using a larger
basis set, B3LYP/6-31G(d,p), were found to provide slightly
improved agreement with the experimental IRMPD spectro-
scopic data. In many cases, the band positions of the spectral
features were unaffected by using the slightly larger basis
set, but in other cases small shifts on the order of
10−15 cm
−1 were observed. For example, the feature at
953 cm
−1 in the IR spectrum of [DEP + H]
+ redshifts to
940 cm
−1, corresponding to the band at 910 cm
−1 in the
experimental IRMPD spectrum. Similarly, the band at
1233 cm
−1 in the IR spectrum of [DEP + Na]
+ blue shifts
to 1240 cm
−1, in excellent agreement with the band at
1240 cm
−1 in the measured IRMPD spectrum. In contrast,
the use of the 6-31G(d,p) basis set resulted in negligible
changes in the relative energetics of the various stable
conformers computed. A frequency-scaling factor of 0.9613,
as suggested by Wong [31], was used for the [DEH − H]
−
ions. In contrast, the best fits to the experimental results for
the [DEP + H]
+, [DEP + Na]
+, and [DEP − H + 2Na]
+ were
found when the frequencies were unscaled. These observa-
tions are consistent with work done by others, including
Correia et al., where vibrational stretching modes corre-
sponding to protonated phosphate groups are calculated to
be redshifted with respect to the experimental values after a
suggested (0.9613) scaling factor is applied [32]. The
theoretical linear IR spectra were broadened using a 30 cm
−1
Gaussian line shape to account for quantum harmonic effects
and to allow for meaningful comparison to the experimental
spectra.Singlepoint energycalculations werecarried out atthe
B3LYP, B3P86, and MP2(full) levels of theory using the
6-311+G(2d,2p) basis set. Energetic data include zero
point energy (ZPE) corrections for the single point energy
calculations and Gibbs energy corrections for the free energy
values(based onthe frequency calculations atthe B3LYP/6-31
G(d,p) level). The ground-state structure of each complex was
determined by comparing the relative energies of each of the
stableconformerscomputed,takingthelowestenergystructure
as that of the ground state.
Results
IRMPD Action Spectra
Determination of the experimental spectra was accomplished
through the calculation of the IRMPD yield following ion
exposure to FEL light, as depicted in Equation (1):
IRMPDyield ¼  If ðÞ = Ip þ  If

; ð1Þ
where If is the fragment ion intensity and Ip is the precursor
ion intensity. Williams and coworkers have recently sug-
gested that the use of a first-order laser-induced photo-
dissociation rate constant, which is proportional to the total
fragment ion intensity, in lieu of the photodissociation yield
method used here may be advantageous for comparison to
theoretical linear IR spectra [33]. Therefore, we also
compared the measured IRMPD action spectra computed
based on the total fragment ion intensities to the theoretical
linear IR spectra. In all cases, the relative intensities of the
spectral features in the computed spectra exhibited better
agreement with the IRMPD yields than the IRMPD
intensities, clearly indicating the multiphoton nature of the
dissociation processes examined here. Thus, the IRMPD
yields were used throughout. Experimental IRMPD action
spectra for each of the four systems investigated are
presented in Figure 1. While data were collected over the
range from ∼590 to 1750 cm
−1, no spectral features were
observed below 650 cm
−1 or above 1400 cm
−1, and thus the
data are only shown over this range of frequencies. Bands
are well resolved in each spectrum, with excellent signal to
noise. IRMPD dissociation of each ion resulted in the loss of
a neutral fragment and the detection of the corresponding
fragment ion.
The spectrum produced from the dissociation of the
[DEP − H]
− ions exhibits four distinct, high-intensity
bands at 715, 900, 1080 and 1280 cm
−1 as well as a low-
intensity band at 1370 cm
−1. Evidence of splitting of the
band at 1080 cm
−1 is apparent in the measured spectrum,
suggesting the coupling of two related stretching modes.
The deprotonated [DEP − H]
− ions experience the loss of
ethene, yielding the deprotonated monoethyl phosphate
anion (MEP-H)
− with an m/z ratio of 125. In addition, the
loss of a second ethene molecule with the concomitant
loss of water produces the inorganic metaphosphate anion,
PO3
−,a tm/z 79. Alternatively, the metaphosphate anion
may be produced by the sequential loss of ethanol from the
primary [MEP-H]
− fragment ion. Additional experiments to
probe the true nature of this loss were not pursued.
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+, produced
the simplest spectrum observed in this study. Only three
major bands were observed, at 910, 960, and 1100 cm
−1.
The intensity of the band at 1100 cm
−1 is three times that of
the band at 910 cm
−1, and approximately six times that of
the band at 960 cm
−1. In addition to these distinct spectral
features, a small band at 750 cm
−1 is observed whose
intensity is fifteen times less than that of the high-intensity
band at 1100 cm
−1. While the intensity of the 750 cm
−1 band
is relatively low, this feature is sufficiently well resolved to
warrant inclusion for the purposes of conformer assignment
and identification. Three discrete fragmentation channels
were observed upon photoactivation of the [DEP + H]
+ ions,
resulting in the formation of ionic products at m/z 127
(corresponding to the loss of neutral ethene), at m/z 99 (loss
of two neutral ethene molecules), and at m/z 81 (loss of
either two ethenes and one water molecule, or the loss of one
ethene and one ethanol molecule). Again, experiments to
probe the true nature of the latter loss were not pursued.
Four major bands at 915, 970, 1045, and 1240 cm
−1 were
observed in the IRMPD action spectrum of the [DEP + Na]
+
complex. The band at 970 cm
−1 appears as a shoulder of the
high-intensity band at 1045 cm
−1, but is resolved well
enough to be considered a distinct band. The intensity of the
band at 1045 cm
−1 is 2–3 times greater than that of any of
the other bands observed. Only one dissociation channel was
observed for the [DEP + Na]
+ ions: loss of the intact neutral
ligand to produce Na
+.
The [DEP − H + 2Na]
+ ions produced the most feature-
rich spectrum of the systems investigated here. Bands at 785,
935, 1030, 1080, and 1220 cm
−1 are well defined, and some
coupling appears between the high-intensity bands at 1030
and 1080 cm
−1. Bands at 935 and 1220 cm
−1 are similar in
intensity to one another, but only half the intensity of the bands
at 1030 and 1080 cm
−1. The 785 cm
−1 band has an intensity
that is five times less than those of the high-intensity bands.
Photoactivation of [DEP − H + 2Na]
+ ions was observed to
occur through three major dissociation channels. Similar to the
other complexes, loss of ethene is observed at m/z 171, as well
as the loss of two molecules of ethene and a single water
molecule (or the loss of ethene and ethanol) at m/z 125. In
addition, a third channel where the loss of [DEP − H+N a ]
occurs to produce Na
+ at m/z 23 is also observed.
Theoretical Results
A total of six molecular systems, both ionic ([DEP − H]
−,
[DEP + H]
+, and [DEP − H + 2Na]
+) and neutral ([DEP] and
[DEP − H - Na]), were investigated using electronic structure
methods, as described in the “Theoretical Calculations”
section. Geometry optimizations and frequency analyses at
theB3LYP/6-31G(d,p)leveloftheorywereperformedforeach
of these species, and the corresponding linear IR spectra were
determined for comparison to the experimental IRMPD action
spectra. The relative energies at 0 K and free energies at 298 K
of the most stable conformers found for each system at the
B3LYP, B3P86, and MP2(full) levels of theory using a
6-311+G(2d,2p) basis set are summarized in Table 1.T h e
absoluterelativestabilitiesofthe stablelow-energyconformers
computed for each system differ somewhat depending on the
level of theory employed and are generally within ∼2k J / m o l ,
but in all cases are less than 3.4 kJ/mol such that the trends in
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Figure 1. Infrared multiple photon dissociation action spectra
ofthe[DEP−H]
−,[D EP+H]
+,[DEP+Na]
+,and[DEP−H+2Na]
+
complexes
Table 1. Relative energies at 0 K and free energies at 298 K of low-energy
geometries of DEP complexes
a
Species Conformer B3LYP B3P86 MP2(full)
ΔH0 ΔG298 ΔH0 ΔG298 ΔH0 ΔG298
[DEP − H]
− C1 0.0 0.0 0.0 0.0 0.0 0.0
C2 2.4 5.6 1.5 4.8 0.6 3.8
C3 3.4 6.6 2.8 5.9 1.8 4.9
C4 5.4 4.9 5.7 5.2 7.2 6.7
C5 8.5 9.5 8.0 9.0 9.1 10.1
[DEP] C1 0.0 0.0 0.0 0.0 0.0 0.0
C2 2.7 1.1 2.6 1.0 2.1 1.1
C3 3.2 5.4 3.3 5.5 2.7 4.3
[DEP + H]
+ C1 0.0 0.0 0.0 0.0 0.0 0.0
C2 9.6 6.0 9.4 5.9 9.6 6.0
C3 13.3 11.2 12.7 10.6 11.4 9.3
[DEP − H + Na] B1 0.0 0.0 0.0 0.0 0.0 0.0
B2 27.9 27.6 28.9 28.5 28.0 27.7
T1 36.6 35.7 36.5 35.7 33.2 32.3
[DEP + Na]
+ B1 0.0 0.0 0.0 0.0 0.0 0.0
B2 0.1 0.1 0.1 0.1 0.1 0.1
B3 4.2 8.2 3.8 7.9 2.2 6.3
[DEP − H + 2Na]
+ BB1 1.8 2.2 1.6 1.9 0.0 0.0
BB2 0.0 0.0 0.0 0.0 0.5 0.2
BB3 22.3 19.8 22.4 19.8 20.4 17.5
a Energetics determined from single point energies calculated using a 6-311+G
(2d,2p) basis set and structures optimized at the B3LYP/6-31G(d,p) level
of theory including zero point energy corrections. All energies given are
in kJ/mol.
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examined. Only in the case of the [DEP − H + 2Na]
+ complex
do these differences suggest a different structure for the
ground-state conformation. B3LYP and B3P86 suggest that
the BB2 conformer isthe groundstate,while MP2 suggeststhe
BB1 conformer. Based upon comparison of the computed IR
spectra and the measured IRMPD spectrum, MP2 appears to
provide more reliable results in this case. Thus, the following
discussion focuses on the MP2 results.
Due to the relative simplicity of each of the systems
lacking a metal cation, [DEP − H]
−, [DEP], and [DEP + H]
+,
the potential energy surfaces are relatively unremarkable and
multiple low-energy conformers (within ∼10 kJ/mol of the
ground state) are present for each system. Each of these
conformers differs solely in the spatial arrangement of the
alkoxy, hydroxyl, and oxo functional groups surrounding the
central phosphate atom. The corresponding vibrational
spectra are very similar, and in places are nearly indis-
cernible from one another. Only small differences are visible
in the relative intensities of the major bands, with minimal or
negligible shifts in their frequencies. The overall shapes of
both individual bands, as well as the overall spectrum, allow
definitive characterization and assignment of each system
based on the observed spectral features. This is in stark
contrast to the sodium-containing complexes, where large
energy differences arise from different binding modes of the
metal cation to the ligand, resulting in significantly more
well-defined potential energy surfaces. The theoretical
spectra of the various stable conformers of the sodiated
complexes are unique and exhibit noticeable variations in
both the relative intensities of the bands and their frequency
distributions.
[DEP − H]
−
Each of the five anionic structures depicted in Figure 2
(labeled C1–C5 for conformers 1–5), and shown in more
detail in the Electronic Supplemental Material (ESM)
Figure 1S, exhibit only minor variation in side chain
geometry, resulting in relatively small differences in ener-
gies between the ground-state structure and the stable low-
energy conformers. In each case, the oxygen atoms surround
the central phosphate atom in a nearly tetrahedral arrange-
ment, and one of the alkoxy side chains is oriented down
and away from the adjacent oxo moiety. In the ground-state
structure, the second alkoxy group is staggered away from
the first alkoxy group, and is also oriented away from the
adjacent oxo moiety. The other conformers found arise as a
result of rotation of the second alkoxy side chain about the
∠POCC dihedral angle, producing steric repulsion and
increasing the relative energies of these conformers.
[DEP]
Similar to the deprotonated [DEP − H]
− species, neutral
[DEP] exhibits several closely related potential energy wells
corresponding to rotation of the alkoxy side chains about
the ∠POCC dihedral angle. The three structures shown in
ESM Figures 2Sa n d3S, labeled C1–C3 (conformers 1–3),
differbylessthan4.3kJ/mol(MP2).Thus,allthreeconformers
are likely accessed at room temperature.
[DEP − H + Na]
Binding ofa sodiumcationtothe deprotonatedphosphate ester
markedlyaffectsthepotentialenergylandscape.Onlyone low-
energycandidatewasfound.Allotherstableminimacomputed
lie relatively high in energy, ∼27–37 kJ/mol above the ground-
state structure. Each structure is depicted in ESM Figures 4s
and 5S. In the ground-state structure, labeled B1 (bidentate 1),
the sodiumcationinteracts ina bidentate fashion withbothoxo
groups of the deprotonated phosphate ester ligand. One alkoxy
chain is staggered out and away from the sodium dioxo region,
while the other alkoxy chain is oriented down and away from
the oxo groups. A much less favorable conformer, B2, exists
where the sodiumcation interacts with one oxo and one alkoxy
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Figure 2. Comparison of the measured IRMPD action
spectrum of [DEP − H]
− with the linear IR spectra predicted
for the five most stable conformers of [DEP − H]
− at the
B3LYP/6-31G(d,p) level of theory. The structures and MP2
(full)/6-311+G(2d,2p) relative free energies of the conformers
are also shown
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(MP2) higher in free energy than the ground-state conformer.
Still less favorable is a tridentate complex, T1, where the
sodium cationbinds to two alkoxyoxygen atoms and oneof the
oxo moieties. This system lies 32.3 kJ/mol (MP2) above the
ground-state structure.
[DEP + H]
+
Protonated DEP structures show little variation in spatial
arrangement, and are depicted in Figure 3 and ESM
Figure 6S. The ground-state structure, denoted C1, has fully
staggered alkoxy side chains. Rotation about the ∠POCC
dihedral angle of an alkoxy side chain by ∼90° produces the
C2 structure at a free energy cost of 6.0 kJ/mol (MP2).
Subsequent rotation of the remaining alkoxy side chain
about the same ∠POCC dihedral angle by ∼180° produces
the C3 structure. The C3 structure lies 9.3 kJ/mol (MP2)
above the ground-state conformation.
[DEP + Na]
+
Each of the stable structures computed for [DEP + Na]
+
involves the sodium cation binding to the neutral DEP
ligand in a bidentate fashion. The measured IRMPD action
spectrum, and the structures of the three low-energy con-
formers and their computed linear IR spectra, are shown in
Figure 4. ESM Figure 7S depicts each structure in greater
detail, including relative energies and Na
+–O bond distan-
ces. In the predicted ground-state conformer, B1, the sodium
cation binds to the oxo and hydroxyl oxygen atoms, while
the alkoxy groups are fully staggered. The B2 structure also
involves bidentate interaction of the sodium cation with the
oxo and hydroxyl oxygen atoms, and is virtually identical to
B1 except that the Na
+–O bond distance is slightly shorter
(by 0.02 Å). The B2 conformer is calculated to be a mere
0.1 kJ/mol (MP2) higher in free energy than the ground-state
B1 conformer. The B3 structure differs from the B1 and B2
structures in that the sodium cation binds to the oxo and one
of the alkoxy oxygen atoms. This arrangement forces the
participating alkoxy group to become oriented down and
away from the sodium cation, while the other alkoxy group
remains staggered. The sodium cation–alkoxy oxygen
distance is significantly reduced as compared to the sodium
cation–hydroxyl oxygen distances in the B1 and B2
structures. The B3 conformer is calculated to lie 6.3 kJ/mol
(MP2) above the ground-state B1 conformer. Rotation of the
remaining alkoxy group results in significant steric repulsion
and destabilization of the corresponding conformers.
[DEP − H + 2Na]
+
The disodiated complex of deprotonated DEP, [DEP − H+
2Na]
+, exhibits the greatest structural variation amongst the
systems studied here. The measured IRMPD action spectrum
and the structures of the three low-energy conformers and
their computed linear IR spectra are shown in Figure 5. ESM
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Figure 3. Comparison of the measured IRMPD action
spectrum of [DEP + H]
+ with the linear IR spectra predicted
for the three most stable conformers of [DEP + H]
+ at the
B3LYP/6-31G(d,p) level of theory. The structures and MP2
(full)/6-311+G(2d,2p) relative free energies of each conformer
are also shown
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Figure 4. Comparison of the measured IRMPD action
spectrum of [DEP + Na]
+ with the linear IR spectra predicted
for the three most stable conformers of [DEP + Na]
+ at the
B3LYP/6-31G(d,p) level of theory. The structures and MP2
(full)/6-311+G(2d,2p) relative free energies of each conformer
are also shown
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conformers. Both sodium cations participate in a bidentate
interaction with the phosphate ester oxygen atoms. In the
ground-state structure, labeled BB1 (bidentate-bidentate), each
sodium cation interacts with one oxo and one of the alkoxy
oxygen atoms. The alkoxy chains are staggered with respect to
one another and are rotated away from the adjacent sodium
cations. The BB2 conformer is the least symmetrical of the three
low-energy conformers computed. In the BB2 conformer, one
sodium cation interacts with both available oxo moieties, while
the other sodium cation binds to an oxo and an alkoxy oxygen
atom. The participating alkoxy chain is rotated down and away
from the sodium cation, while the other alkoxy chain remains
staggered about the near-tetrahedral phosphate. The BB2 con-
former lies 0.2 kJ/mol (MP2) higher in free energy than the
ground-state structure. In contrast, both B3LYP and B3P86
suggest that the BB2 conformer is favored over the BB1
conformer by ∼2 kJ/mol. The BB3 conformer exhibits the
greatest symmetry, but is also the least stable of the three
conformers. One sodium cation interacts with both oxo moieties,
while the other sodium cation interacts with both alkoxy oxygen
atoms. The resulting electrostatic repulsion and steric interactions
present in this system lead to the BB3 conformation being
17.5kJ/mollessstable(MP2)thantheground-stateconformation.
Discussion
When comparing experimental IRMPD spectra with the
theoretical spectra, it is important to note that the theoretical
methods produce linear IR spectra (single photon absorp-
tion), while the experimental data reflect multiple photon
absorption by the precursor ion. As a result, the band
positions are generally reproduced quite well, but the
relative intensities of the various bands may or may not be
as a consequence of variations in anharmonic coupling/
shifting and the resulting differences in multiple-photon
excitation efficiencies. When comparing the measured
IRMPD spectrum to the theoretical IR spectra for various
low-energy conformers, anharmonic effects—when they
occur—are expected to be highly parallel for species when
the nature of the covalent bonding and noncovalent
interactions are similar, but may differ when the nature of
the bonding or noncovalent interactions differ markedly.
[DEP − H]
−
The measured IRMPD action spectrum is compared to the
linear IR spectra of the five most energetically favorable
conformers computed for the [DEP − H]
− complex in the
650–1500 cm
−1 range in Figure 2. Examination of the
spectra reveals that the theoretical spectra for all five low-
energy conformers match the experimental spectrum reason-
ably well, but the best agreement is seen for the ground-state
C1 and third excited state C4 conformers. The highest
intensity bands, at 1080 and 1280 cm
−1, represent symmetric
and asymmetric P=O stretches, respectively. Another rela-
tively high intensity band at 715 cm
−1 corresponds to
asymmetric P−O stretching. Lower intensity bands, at 900
and 1374 cm
−1, correspond to asymmetric P−O−C alkoxy
stretching and asymmetric C−C stretching, respectively.
[DEP + H]
+
The experimental IRMPD action spectrum for the [DEP +
H]
+ system is compared to the theoretical linear IR spectra
for the three lowest energy conformers found in Figure 3.
The spectrum of the ground-state structure, C1, provides an
excellent match to the experimental action spectrum. The
high-intensity band at 1100 cm
−1 represents both symmetric
and asymmetric P−O alkoxy stretching. A group of lower
intensity bands between 910 and 960 cm
−1 represent
symmetric P−O hydroxyl stretching and hydroxyl wagging.
The relative intensities of the theoretical bands differ slightly
from the experimental spectrum in this region, which may be
the result of differences between linear absorption and
multiple-photon dissociation, as mentioned above. A very
weak band was also observed at 750 cm
−1, representing both
asymmetric and symmetric C−O alkoxy stretching. The
theoretical spectra exhibit two discrete bands describing
these stretches, at 710 and 770 cm
−1.
Comparison of the experimental IRMPD spectrum to
each of the three calculated spectra suggests that the
theoretical C1 structure is the sole conformation present in
the experiments. The shapes of the spectral features and their
relative intensities support this conclusion. Assignment of
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Figure 5. Comparison of the measured IRMPD action
spectrum of [DEP − H + 2Na]
+ with the linear IR spectra
predicted for the three most stable conformers of [DEP − H+
2+N a ]
+ at the B3LYP/6-31G(d,p) level of theory. The
structures and MP2(full)/6-311+G(2d,2p) relative stabilities
of each conformer are also shown
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theory. Conformers C2 and C3 lie 6.0 and 9.3 kJ/mol (MP2)
higher in free energy than the ground-state conformer C1,
making them unlikely or very minor contributors to the
measured spectrum.
Similar to the [DEP − H]
− system, the structures of each
of the potential conformers contributing to the [DEP + H]
+
spectrum differ only in the spatial arrangement and stagger-
ing of the alkoxy groups. As expected, the ground-state
structure adopts a fully staggered conformation, minimizing
steric repulsion between adjacent atoms. The relative
stabilities of conformers C2 and C3 decrease as a result of
steric interactions. Based on the computed energetics, these
latter conformers are unlikely to be appreciably populated at
room temperature.
[DEP + Na]
+
Figure 4 compares the experimental IRMPD action spectrum
of the [DEP + Na]
+ complex and the theoretical linear IR
spectra of the three low-energy conformers computed. The
high-intensity band observed at 1045 cm
−1 corresponds to
asymmetric and symmetric P–O–C alkoxy stretching. A
second high-intensity band at 1240 cm
−1 represents P=O
stretching. Each of these experimental bands corresponds
extremely well with the theoretical spectra such that no
assumptions regarding likely conformers present can be
made using these data alone. Lower intensity bands at 915
and 970 cm
−1 represent P–O hydroxyl stretching modes,
with the 970 cm
−1 band also representing symmetric P–O–C
alkoxy stretching. Comparison of the theoretical spectra to
the experimental action spectrum suggests that the B1 and
B2 conformers are the major contributors to the experimen-
tal spectrum, with minor contributions from the B3 con-
former. This conclusion is supported by the shape and
location of the spectral features as well as by the predicted
energetics. Because the B1 and B2 conformers are predicted
to lie within 0.1 kJ/mol of each other, both are expected to
be present in nearly equal populations in the experiments.
The band in the 970 cm
−1 region suggests the presence of
the B3 conformer.
[DEP − H + 2Na]
+
Figure 5 compares the experimental IRMPD action spectrum
and the theoretical linear IR spectra for the three low-energy
conformers of the [DEP − H + 2Na]
+ complexes found. The
high-intensity band at 1055 cm
−1 represents symmetric and
asymmetric O–C alkoxy stretching, symmetric P=O stretch-
ing, and free P–O–C alkoxy stretching. Splitting of this band
in the experimental spectrum can be attributed to coupling of
the alkoxy and oxo stretching modes. This band is the most
diagnostic for the BB1 and BB2 conformers based on the
general shape and splitting of this feature. A high-intensity
band at 1225 cm
−1 represents P=O stretching. The prominent
shoulder on the high-frequency side of this peak again
suggests contributions from both the BB1 and BB2
conformers to the experimental spectrum. The band at
943 cm
−1, representing P–O–C alkoxy stretching, also
confirms that the BB1 conformer is the major contributor,
while the BB2 conformer also contributes to the exper-
imental spectrum. The low-intensity band at 782 cm
−1,
representing symmetric and asymmetric P–O alkoxy
stretching, also provides evidence of the BB1 conformer’s
role as the dominant contributor to the experimental
spectrum. The BB2 conformer, lying only 0.2 kJ/mol
(MP2) above the ground-state BB1 structure, is predicted
to provide a nearly equal contribution to the experimental
spectrum. The BB3 conformer lies 17.5 kJ/mol (MP2)
above the ground-state conformer and is therefore not a
likely contributor to the observed spectrum. Indeed, the
theoretical linear IR spectrum associated with the BB3
conformer differs greatly from the measured IRMPD
action spectrum. Bands at 754 and 918 cm
−1 represent
asymmetric P–O alkoxy stretching modes, while the band at
779 cm
−1 corresponds to symmetric P–O alkoxy stretching.
Symmetric and asymmetric P=O stretches appear at 1096 and
1224 cm
−1, and bands at 1035 and 1142 cm
−1 are produced by
a combination of P=O and P–O–C stretching modes.
Theoretical Systems: [DEP] and [DEP − H + Na]
In addition to the four ionic systems investigated exper-
imentally, a theoretical study of the neutral complexes
[DEP] and [DEP − H + Na] was pursued in an attempt to
infer structural properties of these biologically relevant
model systems. Theoretical spectra for the three most stable
conformers for these systems are shown in ESM Figures 3S
and 5S, respectively.
Only minor variations in the spectral features, in terms of
both the relative intensities and band positions, are found for
the three low-energy conformers of [DEP], making the
differentiation of these species difficult. Shifts in the band
positions are the largest for the four most intense features,
which occur at 883, 992, 1062, and 1297 cm
−1 for the
ground-state C1 conformer, corresponding to the spectral
region shown in Figure 3S and that measured for the ionic
complexes, indicating that this region is the most useful for
differentiating these species. The positions of each of these
features differ for all three low-energy conformers, but vary
by less than 16, 11, 7, and 24 cm
−1, respectively. The high-
intensity band at 1060 cm
−1 corresponds to asymmetric C–O
alkoxy stretching. The band at 993 cm
−1 corresponds to
asymmetric C–C stretching, while the P–Oa n dP = O
stretches are observed at 883 and 1295 cm
−1, respectively.
Three additional low-intensity features are found in the high-
frequency region (not shown in the figure) at ∼3050, 3137,
and 3832 cm
−1 for the ground-state C1 conformer, corre-
sponding to various C−H stretching modes of the alkoxy
groups and the O−H stretch, respectively. However, the
positions of these features shift by less than 6 cm
−1 for the
C 2a n dC 3c o n f o r m e r s ,a n dt h u sa r el e s su s e f u lf o r
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energy between these conformers (G4.3 kJ/mol), all three are
likely populated at room temperature.
In stark contrast to the neutral [DEP] system, the [DEP −
H + Na] complexes are quite diverse in both their spectral
features and their relative energetics. The high-intensity
band at 1090 cm
−1 corresponds to symmetric P=O oxo and
symmetric P–O–C alkoxy stretching modes, where the oxo
and alkoxy stretches are asymmetric to one another. Outside
of this common feature, the spectra of the three conformers
are widely divergent. In the IR spectrum for the predicted
ground-state conformer, a high-intensity band at 1193 cm
−1
represents asymmetric P=O stretching, while the correspond-
ing bands are significantly blueshifted to 1290 cm
−1 for the
B2 structure, and to 1334 cm
−1 for the T1 conformer.
Additional bands include those representing asymmetric
P–O–C alkoxy stretching (at 953, 936, and 922 cm
−1 for the
B1, B2, and T1 structures, respectively) and asymmetric P–O
alkoxy stretching at 811, 720, and 715 cm
−1 (conformers B1,
B2 and T1, respectively). The large difference in relative
energies suggests that the B1 conformer is likely to be the only
structure present in a room-temperature distribution.
Gas- Versus Solution-Phase IR Spectra
Solution-phase infrared and Raman spectroscopic analyses
of diethyl phosphate systems were previously completed by
Stangret and Savoie, and their findings assist in the
interpretation of the relevance of the theoretical neutral
structures computed [34]. Raman spectroscopy of neutral
DEP (in aqueous solution), as well as protonated DEP (in
4 M HCl), bear a close resemblance to the experimental
IRMPD spectrum of [DEP − H]
−; each spectrum exhibits
high-intensity bands in the region between 1080 and
1100 cm
−1, as well as at 1288 cm
−1. The high-intensity
bands at 715 and 900 cm
−1 of the IRMPD spectrum are
blueshifted to ∼750 and 943 cm
−1 in the Raman spectrum.
Experimental IR spectra do not correlate nearly as well with
the IRMPD spectra as do the Raman spectra, likely due to
similarities in excitation sources used by the two techniques.
The highly monochromatic radiation used in Raman spec-
troscopy is better able to precisely excite vibrational and
rotational modes of the DEP system than the light source
used in traditional IR spectroscopy, which becomes espe-
cially important in a solvating environment where a variety
of hydrated, deprotonated, neutral, and protonated species
may be present. Of particular interest here is that the
dominant form of DEP in both neutral and strongly acidic
solutions remains the deprotonated species. Protonated DEP
is also present in solution, as exhibited by the splitting of the
band in the region between 1080 and 1100 cm
−1, but
persistence of the band at 1288 cm
−1 suggests that a large
population of deprotonated DEP is still present in strongly
acidic solution.
Addition of sodium to the aqueous solution produces a
Raman spectrum that is remarkably similar to that of the
[DEP − H + 2Na]
+ IRMPD spectrum. Bands at 782, 943,
1030, 1080, and 1225 cm
−1 are found in each of these
spectra. In addition, the P=O bands at 1030 and 1080 cm
−1
are the most intense bands in each spectrum, even though
the relative intensities of the other bands are not as well
matched in the Raman and IRMPD spectra. Overall, these
results suggest that sodium cations interact with DEP in a
bidentate fashion in neutral solutions. This is in agreement
with the conclusions reached by Stangret and Savoie, who
suggested that alkali metal cations interact in an electro-
static fashion with the phosphate groups in a relatively
symmetric fashion with respect to the oxo oxygen atoms.
In addition, they noted that increasing the Na
+:DEP ratio
from 2:1 to 18:1 results in essentially no change in the
spectra, suggesting that at most two sodium cations
interact with DEP.
Structural and Spectral Trends in Diethyl
Phosphate Esters: [DEP − H]
− to [DEP + H]
+
Structural changes resulting from the addition of protons to
deprotonated diethyl phosphate exhibit systematic variation
in both the geometry of the nearly tetrahedral core structure
as well as the location and staggering of the alkoxy side
chains. The deprotonated phosphate ester is highly sym-
metrical, with staggered alkoxy side chains and a large
∠OPO bond angle (125.7°) due to electrostatic repulsion of
the adjacent negatively charged oxo moieties. Addition of a
proton, producing neutral [DEP], results in the reduction of
the ∠OPO bond angle to 114.8° and the rotation of an
alkoxy side chain by 118.4° about the ∠OPOC dihedral
angle. The alkyl ∠OPO bond angles increase from 98.6° to
101.4°. These changes, which are primarily the result of
neutralization of the anionic dioxo core (PO2
−), result in a
significant change in the overall conformation of the
molecule. If the alkoxy chain carbons are participants in
covalent bonding with other atoms, as in the case with a
nucleic acid chain, the overall shape of the chain may
become disrupted upon the binding of even a single proton.
While oxo groups do not participate directly in covalent
interactions with other nucleic acid backbone atoms, the
resulting change in charge distribution that occurs when the
deprotonated dioxo group is neutralized results in a
significant change in the overall shape of the backbone.
Structural changes for each species are accompanied by
significant spectral changes. A blueshift is observed for the
P=O band, from 1280 to 1295 cm
−1, and the relative
intensity of this band is significantly decreased with respect
to other spectral features. P–O stretching is more signifi-
cantly affected, as the addition of a proton results in a
change in stretching modes as the electronic structure of the
complex is modified, localizing more negative charge on the
oxo oxygen atom while eliminating the charge on the overall
complex. Symmetry is reduced upon the protonation of
[DEP − H]
−, resulting in the emergence of additional
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the greater bond diversity present in the system.
Binding of a second proton, resulting in the protonated
[DEP + H]
+ complex, causes further reduction of the
hydroxyl ∠OPO bond angle (104.9°), while increasing the
alkyl ∠OPO bond angles to 108.4°. The relative locations of
the alkoxy side chain carbon atoms do not change
appreciably, remaining in the same staggered configuration
that was found for the neutral molecule. As a result of the
increase in the alkyl ∠OPO bond angle, the adjacent alkoxy
oxygen atoms become further displaced, from 2.48 to
2.51 Å, and a corresponding increase in the C–O bond
distance from 1.45 to 1.50 Å accompanies these variations.
Significant spectral changes also result from the addition of
a proton to neutral [DEP], with fewer observable bands
corresponding to fewer available stretching modes. C–O
stretching intensity is markedly reduced upon protonation,
while P–Oa n dP –O–H stretching modes become the
dominant spectral features.
While previous theoretical studies of counterion
effects on nucleic acid chains have suggested that the
presence of monovalent cations serves primarily as a
stabilizing force counteracting the anionic repulsion felt
by the phosphate backbone [35], our gas phase studies
indicate that in the context of the nucleic acid phosphate
backbone, protonation should modify the overall geom-
etry of the chain by lengthening—or straightening—the
backbone, making other interactions or reactions with the
phosphate ester chain, or with the adjacent base residues,
more favorable. As new techniques and theoretical
methods become available, this may be an area warrant-
ing further investigation to determine the true nature of
counterion effects on nucleic acid chains in the presence
of solvent.
Structural and Spectral Trends in Diethyl
Phosphate Esters: [DEP − H]
− to [DEP + Na]
+
Two separate pathways are described here that result in the
formation of the [DEP + Na]
+ ion. Both pathways involve
the addition of a sodium cation and a proton, with the only
difference being the order of addition. In the case of proton/
sodium cation addition, the initial proton addition was
described in detail in the previous section. Subsequent
sodium addition results in no change in alkoxy side chain
orientation with respect to the phosphate moiety. The overall
geometry of the complex is generally preserved, and only a
small variation (∼0.1 Å) in the lengths of corresponding
bonds between the two systems is present. These geometric
modifications are even more evident when compared to the
deprotonated [DEP − H]
− complex. A redshift from 1295 to
1240 cm
−1 in the P=O band is the only observable feature
corresponding to both spectra. All other bands observed
correspond to different stretching modes between the two
systems, highlighting the impact of cationization on the
geometry of the complex. The implications of these physical
changes to phosphate ester geometry in a nucleic acid are
again clear, suggesting that the binding of a cation to even a
single anionic oxygen atom results in a physiologically
significant change in the structure of the nucleic acid.
The second pathway involves sodium cation addition
followed by the addition of a proton. The neutral [DEP − H+
Na] complex retains the symmetry present in the [DEP − H]
−
complex. Thesodium cationbinds in a bidentate fashion toboth
oxo moieties. The ∠OPO alkoxy bond angle increases slightly
as the P−O alkoxy bond length decreases, resulting in a
negligible change in the overall O−O( o x o –alkoxy) distance.
Subsequent addition of a proton destroys the geometrical and
charge symmetry of the system, resulting in an overall short-
ening of the O−O distance. While individual spectral changes
differ between the first and second pathways, the general theme
of broad, overall change is observed in each spectra.
StructuralandSpectralTrendsinDiethylPhosphate
Esters: [DEP − H]
− to [DEP − H + 2Na]
+
Formation of [DEP − H + 2Na]
+ occurs as a result of the
addition of two Na
+ cations to [DEP − H]
−. As discussed
above, the binding of a single Na
+ cation produces only
small changes in the overall geometry of the phosphate ester.
As observed in the other cases investigated here, the addition
of the second cation destroys the symmetry of the complex,
resulting in significant structural changes to the system.
These changes include the adoption of a staggered config-
uration, with the adjacent alkoxy chain rotated away from
the sodium cation, along with a change in phosphate P−O
bond lengths and angles that ultimately results in a marked
decrease in the O−O (oxo–alkoxy) distance. Unlike the other
systems described earlier, a great deal of correlation is
exhibited between spectra of the neutral and cationic
complexes. A redshift in bands at 811, 953 and 1090 cm
−1
to 782, 943 and 1055 cm
−1 is accompanied by a blueshift of
the P=O band, from 1193 to 1225 cm
−1. Each band
corresponds to various types of P–O stretching, as described
in the previous sections.
Conclusions
IRMPD of deprotonated, protonated, and sodium-cationized
diethyl phosphate complexes produces distinct spectra
allowing for the accurate description of structural features.
Activation occurs through a variety of pathways, sometimes
through a single dissociation channel, and for other
complexes through several channels. Assignment of stretch-
ing modes to the bands observed is possible through the use
of theoretical linear IR spectra produced from geometry-
optimized structures derived from DFT calculations at the
B3LYP/6-31G(d) and B3LYP/6-31G(d,p) levels of theory.
Optimizations and IR spectra computed using the larger
basis set, 6-31G(d,p), produce a slightly better fit to the
experimental spectra. The reproduction of the experimental
IRMPD spectra is best when a scaling factor of 0.9613 is
90 B.S. Fales, et al.: IRMPD of Diethyl Phosphate Complexesemployed for deprotonated DEP, and there is no scaling of
the computed frequencies for protonated and sodium-
cationized DEP. Furthermore, single point energy calcula-
tions are completed in an effort to compare and contrast DFT
techniques (B3LYP and B3P86) with MP2 theory. Each
calculation is performed using a 6-311+G(2d,2p) basis set,
and includes zero point energy corrections. The addition of
protons and/or sodium cations significantly impacts the
overall geometry of each complex, suggesting that the
phosphate ester backbones of nucleic acids in the context
of a physiological environment will be similarly affected by
proton or sodium cation binding. These behavioral tenden-
cies may help to explain, and to further elucidate, low-level
mechanisms and physical properties of DNA and RNA
strands undergoing regulatory processes in the cellular
environment.
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